Receptor kinases (RKs) are of paramount importance in transmembrane signaling that governs plant reproduction, growth, development, and adaptation to diverse environmental conditions. Receptor-like cytoplasmic kinases (RLCKs), which lack extracellular ligand-binding domains, have emerged as a major class of signaling proteins that regulate plant cellular activities in response to biotic/abiotic stresses and endogenous extracellular signaling molecules. By associating with immune RKs, RLCKs regulate multiple downstream signaling nodes to orchestrate a complex array of defense responses against microbial pathogens. RLCKs also associate with RKs that perceive brassinosteroids and signaling peptides to coordinate growth, pollen tube guidance, embryonic and stomatal patterning, floral organ abscission, and abiotic stress responses. The activity and stability of RLCKs are dynamically regulated not only by RKs but also by other RLCK-associated proteins. Analyses of RLCK-associated components and substrates have suggested phosphorylation relays as a major mechanism underlying RK-mediated signaling.
INTRODUCTION

Overview of Plant Receptor Kinases
Transmembrane signaling is crucial for nearly all aspects of plant life. Cell surface-localized receptors perceive extracellular signal molecules of various nature-including proteins/peptides, RNAs, classical phytohormones, reactive oxygen species (ROS), sugars, nucleotides, polysaccharides, and ions. Upon perception of such molecules, these receptors transduce the signal to the cytoplasm to ultimately regulate metabolism and cellular activities (21, 207, 253, 254) . Perception of these signaling molecules allows land plants to respond to biotic and abiotic factors in the environment to establish symbiotic relationships with beneficial microbes, activate immune responses to fend off phytopathogenic microbes, and adapt to abiotic stresses. Transmembrane signaling additionally enables cell-cell communication to accurately control highly sophisticated fertilization processes in flowering plants, establish self-incompatibility in certain angiosperms, maintain shoot and root apical meristems, and promote cell differentiation and cell growth.
In animals, transmembrane receptors include ion channel-linked receptors, receptor tyrosine kinases (RTKs), Toll-like receptors (TLRs), and G protein-coupled receptors (91, 106, 156) . In plants, cell surface-localized receptors consist primarily of receptor-like kinases (RLKs) and receptor-like proteins (RLPs) (39, 84, 201) . RLKs contain a variable ectodomain responsible for ligand binding, a single-pass transmembrane domain, an intracellular juxtamembrane domain, and a cytoplasmic kinase domain (185) . RLKs in plants belong to the same group of protein kinases as the Pelle family kinases in animals, whose members include INTERLEUKIN RECEPTOR-ASSOCIATED KINASEs (IRAKs) (185) . The Arabidopsis and rice genomes contain ∼610 and ∼1,100 RLKs, respectively, which account for ∼2% of the coding genes in each species (185, 209) . Approximately 75% of Arabidopsis RLKs contain both a transmembrane domain and an ectodomain. RLPs contain an ectodomain and a transmembrane domain or a glycosylphosphatidylinositol anchor but lack a kinase domain (56, 118, 182) ; instead, they are thought to act together with RLKs to mediate transmembrane signaling. There are ∼170 and ∼90 RLPs in Arabidopsis and rice, respectively (56, 114) , and an increasing number of RLK and RLP superfamily members have been shown to act as cell surface-localized receptors controlling a vast array of biological processes (20, 62, 89, 185, 209, 222) . However, not all RLKs and RLPs are receptors; some act as co-receptors, scaffold proteins, or other components in the receptor complex (31, 112, 151, 189) . RLKs confirmed as receptors are referred to as receptor kinases (RKs) in the rest of text.
Interestingly, a large portion of the RLK superfamily possesses a cytoplasmic kinase domain but lacks an ectodomain. These members are referred to as receptor-like cytoplasmic kinases (RLCKs). There are 149 and 379 RLCKs in Arabidopsis and rice, respectively (185, 209) . On the basis of the sequence homology, Arabidopsis and rice RLCKs are divided into 17 subgroups and are referred to as RLCK-II and RLCK-IV-RLCK-XIX (185) . Most RLCKs contain only a Ser/Thr kinase domain, while others additionally contain LRR, EGF, WD40, or transmembrane domain(s) (105, 122, 209) .
In this review we summarize roles of RLCKs in diverse processes in plants. We aim to discuss relationships between RLCKs and RKs and to highlight RK-mediated signaling mechanisms brought about through studies on RLCKs. 
-LOCUS PROTEIN KINASE (MLPK) is required for self-incompatibility that is triggered by cysteine-rich protein S-LOCUS PROTEIN 11 (SP11). SP11 is recognized by the receptor complex formed by S-LOCUS B-LECTIN RECEPTOR KINASE (SRK)
BOTRYTIS-INDUCED KINASE1 (BIK1):
a critical protein kinase that relays signal from multiple receptors and activates defenses BR SIGNALING KINASEs (BSKs): a family of proteins that relay signal from BRI1 to regulate plant growth reproduction, stomatal patterning, maintenance of shoot and root meristems, differentiation of vascular tissues, petal abscission, and other developmental processes (122, 201, 242) . For instance, BOTRYTIS-INDUCED KINASE1 (BIK1) and related RLCKs interact directly with several immune RKs to regulate defense responses (99, 130, 132, 184, 247) . BR SIGNALING KINASEs (BSKs) of the RLCK-XII subfamily directly interact with the LRR-RK BRASSINOSTEROID INSENSITIVE1 (BRI1), the main brassinosteroid (BR) receptor, to regulate BR signaling in Arabidopsis (96, 188, 202) . The Arabidopsis RLCK-VIII member MARIS (MRI) functions downstream of two pairs of closely related peptide hormone receptors, ANXUR1 (ANX1) and ANX2 and BUDDHA'S PAPER SEALl (BUPS1) and BUPS2, to control pollen tube integrity (11, 59, 117) . The Brassica M-LOCUS PROTEIN KINASE (MLPK), an RLCK, interacts with the female determinant S-LOCUS B-LECTIN RECEPTOR KINASE (SRK) to regulate selfincompatibility (88, 149). RLCKs with reported functions are summarized in Table 1 . RLCKs regulate RK-and RLP-mediated signaling not only by phosphorylating various downstream components but also by regulating the activity of receptor complexes (45, 86, 113, 132) . In addition, both the activity and stability of RLCKs are tightly regulated (38, 116, 146, 215) . The involvement of RLCKs in plant RK signaling is somewhat analogous to the involvement of cytoplasmic kinases Src and IRAKs in animal RTK-and TLR-mediated signaling, respectively (Figure 1) (91, 107) . However, analyses of RK-mediated immune signaling, BR signaling, and stomatal patterning pathways have uncovered unique mechanisms in plant transmembrane signaling. In this review, we highlight our current understanding of the roles and regulatory mechanisms by which RLCKs regulate plant biology, discuss similarities and differences among RLCKs involved in these processes, and draw comparisons with animal transmembrane signaling.
RECEPTOR-LIKE CYTOPLASMIC KINASES AS CENTRAL PLAYERS IN PLANT IMMUNITY
Although plants do not have specialized immune cells or an adaptive immune system, they do possess an immune system that is highly analogous to the animal innate immune system, which relies on both cell surface and cytoplasmic immune receptors (41) . An increasing number of RKs and RLPs have been shown to serve as pattern recognition receptors (PRRs), which monitor the apoplast for immunogenic molecular patterns derived from microbes or plants that are specifically released during potential pathogen infection (39, 68, 201, 242) . The perception of these immunogenic patterns triggers immune signaling characterized by transient calcium influx, ROS production, activation of MAPKs and CALCIUM-DEPENDENT PROTEIN KINASEs (CPKs), and transcriptional reprogramming (39, 114, 161) , and culminates in an array of defenses restricting pathogen progression. Successful pathogens also deploy a variety of effector proteins in the apoplast or cytoplasm of the host plant to assist infection and colonization. It is now well established that many of these effectors do so by evading host recognition or blocking immune signaling (24, 44). To counter effector-mediated pathogenesis, plants have evolved intracellular immune receptors, which are nucleotide-binding leucine-rich repeat domain-containing receptors (NLRs), to detect cytoplasmic effector activity and trigger powerful immune responses (85).
Immune Signaling Downstream of Diverse Pattern Recognition Receptors
Plant genomes encode an enormous number of PRRs, which can be classified into different categories on the basis of ectodomain sequence, the largest of which carry leucine-rich repeat (LRR) ectodomains. The LRR-RK and LRR-RLP classes of PRRs recognize plant-or pathogen-derived peptide epitopes, whereas RKs and RLPs with lysine motif (LysM)-type ectodomains perceive chitin oligosaccharides and/or peptidoglycan. Additionally, S-lectin RKs perceive extracellular nucleotides and bacterial lipopolysaccharides (33, 166) . Regardless of ectodomain type, PRRs are assembled complexes that are dynamically regulated upon ligand binding. All PRRs containing LRR ectodomains require members of SOMATIC EMBRYOGENESIS RECEPTOR KINASEs (SERKs), a small class of LRR-RLKs, as co-receptors, while LRR-RLP PRRs require an additional LRR-RLK co-receptor, SUPPRESSOR OF BIR1-1 (SOBIR1), also known as EVER-SHED (EVR) (20, 58, 118) . SOBIR1 and LRR-RLPs constitutively interact and are proposed to form bipartite RKs, which could then recruit SERKs upon ligand perception (118) . As with RTKs, ligand perception leads to dimerization or oligomerization of receptors and co-receptors, which is thought to bring the cytoplasmic kinase domains into the proximity necessary for transphosphorylation (70, 78, 107) . For instance, the Arabidopsis LRR-RKs FLAGELLIN SENSING2 (FLS2) and ELONGATION FACTOR-TU (EF-Tu) RECEPTOR (EFR) bind epitopes from bacterial flagellin (flg22) and EF-Tu (elf18) to recruit the SERK family member BRI1-ASSOCIATED KI-NASE1 (BAK1/SERK3) and form active receptor complexes (31, 75) . Similarly, the closely related Arabidopsis LRR-RKs PEP RECEPTORs (PEPRs) PEPR1 and PEPR2 bind PLANT ELICITOR PEPTIDEs (Peps) and recruit BAK1 to form an active receptor complex (100, 211) . The Arabidopsis LysM-RK LYSINE MOTIF RECEPTOR KINASE5 (LYK5) and the rice LysM-RLP CHITIN ELICITOR-BINDING PROTEIN (CEBiP) bind chitin and recruit the co-receptor CHITIN ELICITOR RECEPTOR KINASE1 (CERK1), a LysM-RLK (26, 89, 128, 143, 211) . Chitin binding by the LYK5 or CEBiP receptors leads to dimerization of the CERK1 co-receptor, which is required for immune activation (128) .
The RLCK-VII family member BIK1 was initially shown to be required for disease resistance to the fungal pathogen Botrytis cinerea (208) ; however, how BIK1 and other members of this RLCK family participate in immune signaling was not immediately clear. Subsequent work demonstrated that BIK1 and its closest homolog, PBS1-LIKE1 (PBL1), directly interact with FLS2 and are required for FLS2-mediated defenses (132, 247). The bik1 and pbl1 mutants are diminished in flg22-induced responses, including calcium influx, ROS burst, actin filament bundling, callose deposition, stomatal closure, and seedling growth inhibition (76, 113, 130, 132, 164, 247) . BIK1 and PBL1 are required not only for immune signaling mediated by FLS2 but also for immune responses mediated by other PRRs including LYK5, PEPR1, PEPR2, and EFR (130, 132, 247) . The interaction of BIK1 and PBL1 with PEPR1 is particularly important for ethylene-induced disease resistance (101, 130) , as ethylene is known to accumulate in response to infection by diverse pathogens and to induce the expression of ProPep genes, which encode Pep precursors. TOMATO PROTEIN KINASE1b (TPK1b), another RLCK-VII member in tomato, also mediates ethyleneinduced responses and disease resistance to B. cinerea infection and Manduca sexta infestation (2). In rice, a number of RLCKs including OsRLCK185 and OsRLCK176 mediate pattern-induced immune responses ( Table 1) .
Consistent with an important role of BIK1 and PBL1 in diverse pattern-triggered immunity, Pseudomonas syringae effector AvrPphB and Xanthomonas campestris effector AvrAC target BIK1 and PBL1 to inhibit pattern-triggered immune responses (52, 247) . In particular, targeting of BIK1 is required for the virulence function of AvrAC (52, 213) , as AvrAC uridylylates the conserved phosphorylation sites in the activation loop of BIK1, thereby inhibiting BIK1 kinase activity and PRR-mediated immune signaling.
The RLCK-VII family contains 46 members, many of which may also function in PRRmediated immune signaling. Although transgenic expression of AvrAC and AvrPphB, which target multiple RLCK-VII members, strongly impairs pattern-triggered immunity, mutations of individual RLCK-VII members only modestly dampen immunity (52, 247) . These observations suggest that multiple RLCK-VII members act redundantly downstream of PRRs. Indeed, the closely related RLCK-VII members PATTERN-TRIGGERED IMMUNITY COMPROMISED RECEPTOR-LIKE CYTOPLASMIC KINASE1 (PCRK1) and PCRK2 function downstream of FLS2 to regulate accumulation of salicylic acid, a key defense hormone (99) . The pcrk1 pcrk2 double mutant is impaired in pathogen-induced SAR DEFICIENT1 (SARD1), CAM-BINDING PROTEIN 60-LIKE G (CBP60g), and ISOCHORISMATE SYNTHASE1 (ICS1) expression and is compromised in resistance to P. syringae (99) . SARD1 and CBP60g are major transcription factors controlling the expression of ICS1, which encodes an enzyme responsible for salicylic acid biosynthesis (193) . Like BIK1, PCRK1 and PCRK2 interact with FLS2, and flg22 treatment triggers PCRK2 phosphorylation (99) . Likewise, the pepper RLCK-VII member PATHOGEN-INDUCED PROTEIN KINASE 1 (CaPIK1) is required for X. campestris-induced salicylic acid accumulation (92).
RLCKs involved in PRR-mediated immune signaling are not limited to the RLCK-VII family. The RLCK-XII member BR SIGNALING KINASE1 (BSK1) also interacts with FLS2 and is required for flg22-triggered ROS production (183) . Mutations in BSK1 result in reduced free salicylic acid levels upon Golovinomyces cichoracearum and P. syringae infection and reduced disease resistance (183) . Given that FLS2 is a PRR for bacterial flagellin, it is unlikely to contribute to disease resistance to fungal pathogens, and as different PRRs are believed to trigger immune responses through similar mechanisms, BSK1 may also act downstream of fungal PRRs such as LYK5 and CERK1, a possibility that remains to be tested.
While RLCKs are clearly important for RK-mediated immune signaling, their possible roles in immune signaling downstream of RLP-type PRRs remains unknown. Given that these RLPs act together with RLKs, such as SOBIR1, some RLCKs may associate with these RLKs during RLP-mediated immune signaling. Indeed, the tomato RLCK AVR9/CF-9 INDUCED KI-NASE 1 (ACIK1) plays a role in disease resistance mediated by the LRR-RLP resistance to CLADOSPORIUM FULVUM 4 (Cf4) and Cf9, although whether ACIK1 exists in the Cf4/9 receptor complexes remains unknown (170) .
Intracellular Sensors for Pathogen Effectors
For historical reasons, the study of NLR-mediated effector-triggered immunity received greater attention than did pattern-triggered immunity in the 1990s, and much effort was directed toward the cloning of RESISTANCE (R) genes, which are now well known to generally encode NLRs. Unexpectedly, the first gene to be isolated that mediates effector-triggered immunity instead encodes the tomato RLCK Pto, so named for its resistance to P. syringae pv. tomato strains carrying the effector AvrPto (136). A typical NLR, PTO RESISTANCE AND FENTHION SENSITIVITY (Prf ), was also identified as required for AvrPto-triggered immunity (172) . Subsequent analyses showed that Prf interacts with Pto (148), while the latter physically interacts with AvrPto to enable indirect detection of AvrPto by Prf (98, 176, 204) . Interestingly, Prf also confers resistance to P. syringae strains carrying a truncated effector AvrPtoB that is unrelated to AvrPto (169) . This recognition required FENTHION SENSITIVITY (Fen), an RLCK with a high degree of similarity to Pto. In both cases, Pto and Fen act as sensors for the effectors, rather than signal transducers, in Prf-mediated immunity.
In addition to Pto and Fen, several other RLCKs also sense effectors and activate NLRmediated immunity. The Arabidopsis NLR protein RESISTANCE TO PSEUDOMONAS SYRINGAE5 (RPS5) confers resistance to P. syringae carrying the effector protein AvrPphB (223) , which is a cysteine protease that cleaves the RPS5-associated RLCK-VII member PBS1 (180) . The cleavage of PBS1 leads to a conformational change that triggers RPS5 activation and immunity (3, 180, 197, 223 (248) . The NLR protein SUPPRESSOR OF MKK1 MKK2, 2 (SUMM2) indirectly detects MPK4 inactivation and triggers immunity (251) . A recent study showed that CALMODULIN-BINDING RECEPTOR-LIKE CYTOPLASMIC KINASE3, an RLCK-IV member, interacts with SUMM2 and is phosphorylated by MPK4, suggesting that SUMM2 monitors the phosphorylation status of CALMODULIN-BINDING RECEPTOR-LIKE CYTOPLASMIC KINASE3 to indirectly sense HopAI1 (250) .
The Arabidopsis NLR protein HOPZ-ACTIVATED RESISTANCE1 (ZAR1) associates with multiple ZAR1-ASSOCIATED KINASEs (ZRKs) including HOPZ-ETI-DEFICIENT1 (ZED1), ZRK3, and RESISTANCE RELATED KINASE1 (RKS1), all belonging to the RLCK-XII subfamily (109, 178, 213) . Each of the aforementioned ZRKs acts as a sensor for a distinct pathogen effector and triggers ZAR1-dependent immunity. Thus, the ZAR1-ZED1 and ZAR1-ZRK3 complexes confer resistance to P. syringae carrying the effectors HopZ1a and HopF2, respectively (109, 178) , whereas ZAR1-RKS1 confers resistance to X. campestris carrying AvrAC (213) . These findings critically illustrate how different RLCKs act as sensors for different pathogen effectors to expand the recognition spectrum of a single NLR. ZED1 and ZRK3 may be direct sensors for HopZ1a and HopF2, respectively (109, 178) . Interestingly, the AvrAC-triggered immunity additionally requires PBL2, an RLCK-VII member (69, 213) . The uridylylation of PBL2 on conserved phosphosites in the activation loop leads to the recruitment of PBL2 to the preformed ZAR1-RKS1 complex and activation of immunity (213) . Here, RKS1 acts as an adaptor, whereas PBL2 acts as a sensor for AvrAC. The involvement of two RLCKs in sensing an effector may further expand the recognition spectrum of the NLR protein.
Not all NLR-associated RLCKs act as direct sensors for effectors. Arabidopsis NLR RESISTANCE TO PSEUDOMONAS SYRINGAE PV MACULICOLA1 (RPM1) detects P. syringae effector AvrB by monitoring the phosphorylation status of RPM1-INTERACTING4 (RIN4). Although AvrB does not appear to possess kinase activity itself, it induces RIN4 phosphorylation at Thr166 in the presence of the RLCK-VII member RPM1-INDUCED PROTEIN KINASE (RIPK) to trigger RPM1-mediated immunity (34, 126) . Thus, RIPK acts as a specific modifier of the sensor protein RIN4 to assist AvrB recognition by RPM1.
The aforementioned observations indicate that RLCKs have been frequently adopted as sensors or modifiers of sensors of pathogen effectors to regulate NLR-mediated immunity, suggesting that RLCKs are uniquely important during host-pathogen coevolution. This is consistent with the notion that plant RLCKs and associated proteins are frequent pathogenesis targets of pathogen effectors (40, 232, 247) . This has driven coevolution in the host plant, resulting in the association of many NLRs with RLCKs to indirectly monitor effector activity. Indeed, AvrPto, AvrPtoB, AvrPphB, and AvrAC all suppress pattern-triggered immunity and/or are required for virulence by targeting the kinase domain of PRRs or RLCKs (29, 42, 52, 61, 179, 226, 247) .
RECEPTOR-LIKE CYTOPLASMIC KINASES IN PLANT GROWTH, DEVELOPMENT, AND REPRODUCTION
Short-and long-distance communication is crucial for coordination among different cells and organs during plant growth and development, cell fate determination, and reproduction. The classical phytohormone BR and diverse small signaling peptides are perceived by RKs and are of profound importance to plant biology. Plants encode more than 1,000 potential secreted peptides, an increasing number of which are being found to act as peptide hormones regulating diverse biological functions (16, 245 RK-mediated regulation of plant growth, development, and reproduction, suggesting that RLCKs are adopted as common signaling modules in transmembrane signaling.
Sexual Reproduction
Successful sexual reproduction in angiosperms is governed by a complex fertilization process termed double fertilization, during which a female gametophyte joins with two male gametes. Upon landing and germinating on the stigma, a pollen grain forms a pollen tube that penetrates the style and grows toward the female gametophyte. The tip of the pollen tube accurately enters the ovule, where it bursts to release the two sperms. In this process, the female gametophyte produces signals to actively attract and guide the growth of the pollen tube. It is now known that pollen tube guidance is controlled by ovule-derived, cysteine-rich signal peptides, such as EGG APPARATUS 1 (EA1) in maize and LUREs in Arabidopsis (155). A search of components involved in LURE perception identified two close RLCK-VII members, LOST IN POLLEN TUBE GUIDANCE1 (LIP1) and LIP2 required for LURE1-induced pollen tube growth (127) . The lip1 lip2 double mutant exhibits a partial loss of pollen tube guidance, suggesting that additional RLCKs are also involved (127) . Because they lack an ectodomain, LIP1 and LIP2 are postulated to function in concert with receptors to facilitate signal transduction. Recently, two independent groups identified LRR-RKs POLLEN-SPECIFIC RECEPTOR-LIKE KINASEs (PRKs), MALE DISCOVERER1 (MDIS1), and MDIS1-INTERACTING RECEPTOR-LIKE KINASEs (MIKs) as likely receptors for LURE1 (199, 218) . Whether and how LIP1 and LIP2 function downstream of the aforementioned receptors to regulate pollen tube growth remain to be elucidated.
In addition to guided pollen tube growth, the integrity of the pollen tube is also tightly regulated both before and upon arrival at the ovule. The Catharanthus roseus RLK1-like (CrRLK1L) subfamily RLKs, including THESEUS1, FERONIA (FER), ANX1, ANX2, BUPS1, and BUPS2, are characterized by malectin-like domains within their ectodomains and are thought to be sensors of cell wall integrity (30, 124) . Advances in recent years indicate that they are receptors for a class of peptide hormone called RAPID ALKALINIZATION FACTORs (RALFs) (59, 73, 189) . ANX1, ANX2, BUPS1, and BUPS2 are pollen tube-residing receptors for pollen-derived RALF4 and RALF19. This perception prevents premature rupture and ensures growth of the pollen tube (13, 59, 144). Interestingly, the ovule-derived RALF34 can compete with RALF4 and RALF19 for binding to these receptors and induce pollen tube rupture. An independent study suggested that LEUCINE-RICH REPEAT EXTENSIN proteins (LRXs) also play a role in the perception of RALF4 and RALF19 and the control of pollen tube growth (138). A forward genetic screen identified MARIS (MRI), an RLCK-VIII member, as a suppressor for anx1 anx2. Mutation of Arg240 to Cys in the activation loop of MRI restores the defect of pollen tube growth in the anx1 anx2 double mutant (11), while the mri loss-of-function mutant phenocopies the anx1 anx2 mutant (117). These results indicated that MRI acts downstream of the ANX-BUPS receptor complex to prevent pollen tube burst, whereas the R240C substitution constitutively activates MRI and pollen tube rupture. FER is required for pollen tube reception, but the underlying mechanism is unknown (46, 50) . Given that FER is a receptor for multiple RALFs (73, 189), it is plausible that FER perceives the pollen tube by sensing pollen tube-derived RALF(s) (73).
Certain angiosperms actively promote outcrossing by deploying the self-incompatibility systems to reject self-pollen. In Brassica, self-incompatibility recognition is controlled mainly by the pollen coat-derived cysteine-rich peptide S-LOCUS PROTEIN 11 (SP11) and stigmatic S-LOCUS B-LECTIN RECEPTOR KINASE (SRK) (198) . The S-LOCUS GLYCOPROTEIN (SLG) shares similarity with the SRK extracellular domain and is required for self-incompatibility (198 (198) . ARM REPEAT CONTAINING 1 (ARC1), an E3 ligase, interacts with SRK to positively regulate self-incompatibility (65) . ARC1 is proposed to ubiquitinate and degrade EXOCYST SUBUNIT EXO70 FAMILY PROTEIN A1 and possibly other unknown compatibility factors to promote incompatibility (173, 191) . The RLCK MLPK is a positive regulator of self-incompatibility (149). MLPK interacts with SRK and ARC, and both SRK and MLPK can phosphorylate ARC (88). Thus, ARC and MLPK are considered major signal transducers downstream of the SRK receptor. Precise mechanisms by which MLPK and ARC regulate selfincompatibility remain unknown.
Cell Differentiation
Cell differentiation allows a plant to generate different cell types, tissues, and organs with specialized functions. Signaling peptides and RKs/RLPs play a central role in the determination of diverse cell types. For instance, the LRR-RK TDIF RECEPTOR/PHLOEM INTERCALATED WITH XYLEM (TDR/PXY) perceives the peptide TRACHEARY ELEMENTS DIFFEREN-TIATION INHIBITORY FACTOR (TDIF) to control the differentiation of procambial cells into tracheary elements (246) . The receptor complex composed of LRR-RK ERECTA (ER), SERKs, and LRR-RLP TOO MANY MOUTH (TMM) (186) perceives members of the EPI-DERMAL PATTERNING FACTOR (EPF) and EPF-LIKE (EPFL) family of secreted cysteinerich peptides to regulate stomatal patterning, which is achieved through a series of asymmetric cell divisions (71, 72, 81, 192) . Similarly, the small cysteine-rich peptide EMBRYO SURROUNDING FACTOR1 (ESF1) controls embryonic patterning defined by asymmetric division of a zygote cell, giving rise to a large basal cell and a small apical cell; these further divide to generate an embryo and a suspensor, respectively (37) . Although the corresponding receptor for the ESF1 peptide has not been discovered, a recent study showed that the LRR-RLK ZYGOTIC ARREST1 is required for early embryogenesis (241) .
In Arabidopsis, embryonic patterning and stomatal patterning share a MAPK cascade composed of MAPK kinase kinase (MAP3K) YODA (YDA), MAPK kinases (MAP2Ks) MKK4 and MKK5, and MAPKs MPK3 and MPK6 (10, 133). This MAPK cascade positively regulates embryonic patterning and negatively regulates stomatal patterning. Loss of YDA renders the basal daughter cell unable to differentiate into the embryonic suspensor and increases stomatal density (10, 133). The mpk3 mpk6 double mutant is embryonic lethal, indicating that MPK3 and MPK6 are essential for embryonic patterning (214) . SHORT SUSPENSOR (SSP), an RLCK-XII member, functions upstream of YDA to regulate embryonic patterning (9). SSP transcripts are produced in sperm cells but translated in the zygote and endosperm. The ssp loss-of-function mutant phenocopies yda mutants in embryonic patterning. Interestingly, ectopic expression of SSP in leaf epidermis mimics the stomatal patterning phenotype caused by a hyperactive YDA, suggesting that SSP or SSP-like RLCKs function downstream of the ER receptor complex to regulate YDA in stomatal patterning (9).
Brassinosteroid Signaling
As mentioned above, BRs are an important class of phytohormone regulating a wide range of processes including root growth, flowering, cell elongation, senescence, and stress responses (97) . The Arabidopsis LRR-RK protein BRI1 is the major receptor for BRs, and bri1 mutants are BRinsensitive and exhibit severe growth defects including dwarfism and delayed flowering (36, 74, 110) . Genetic, biochemical, and structural studies established BAK1 and SERK1 as co-receptors for BR perception (112, 151, 174, 195) . Upon BR perception, BRI1 and BAK1/SERK1 interact and transphosphorylate each other to form an active receptor complex (220).
Subsequent forward genetic screens and biochemical studies uncovered key components in BR signaling including three RLCK-XII members, BSK1, BSK2, and BSK3; an RLCK-VII member, CONSTITUTIVE DIFFERENTIAL GROWTH1 (CDG1) (95, 150, 202) ; the protein phosphatase BRI-SUPPRESSOR1 (BSU1); GSK3/Shaggy-like kinase BR-INSENSITIVE2 (BIN2); and two homologous transcription activators, BRASSINAZOLE-RESISTANT1 (BZR1) and BRI1-EMS-SUPPRESSOR1 (BES1) (96, 97, 111, 147, 203, 239) . CDG1 and BSKs interact with BRI1 and function as the signal transducers in BR signaling (95, 96) . While the initial reverse genetic analysis on individual BSKs suggested a relatively minor role in BR signaling (202) , a subsequent study of higher-order bsk mutants supported that BSKs collectively play a prominent role in BR signaling (188) . The current model suggests a linear pathway from BR perception to transcriptional control of BR response genes (219) . In the absence of BR, BIN2 inhibits BR response gene expression by phosphorylating BZR1 and BES1 (221, 239) . Upon BR perception, BRI1 phosphorylates Ser423 to activate CDG1, which then phosphorylates BSU1 (95) . The phosphorylation activates BSU1, which then dephosphorylates BIN2, resulting in the derepression of BR response genes (95) (96) (97) . Upon phosphorylation by BRI1, BSKs also interacted with and activated BSU1 (96) . However, other studies suggested that the Arabidopsis BSKs are inactive kinases (9, 95, 188). The precise mechanism by which BSKs regulate BR signaling awaits further investigation.
Small-Peptide-Regulated Growth and Development
In addition to a role in pollen tube reception, FER regulates numerous other biological processes including seedling growth, root hair growth, hormone and stress responses, and immunity (47, 50, 66, 73, 134, 189, 240) . The activation of FER by RALFs leads to phosphorylation and inactivation of H + -ATPase AHA2, consequently inhibiting proton transport, inducing extracellular alkalinization, and inhibiting root hair growth (73). A recent study showed that the RLCK-VII member RIPK is required for RALF1 signaling and functions downstream of FER to regulate primary root growth and root hair growth (45) . Interestingly, RIPK and FER interact and transphosphorylate each other upon RALF treatment, suggesting that RIPK regulates the activity of FER. The RLCK MRI that controls pollen tube integrity also plays a role in FER-regulated root hair growth, as the mri loss-of-function mutant shows defects in root hair growth (117) , and overexpression of the MRI R240C mutant partially rescues the defect of fer in root hair growth (11). Abscission is a programmed developmental process in which plants shed unwanted organs. A series of genetic and biochemical studies revealed that Arabidopsis floral organ abscission is controlled by a signaling pathway consisting of a secreted peptide, INFLORESCENCE DEFICIENT IN ABSCISSION (IDA); two closely related LRR-RKs, HAESA (HAE) and HAESA-LIKE2 (HSL2); and a MAPK cascade composed of an unknown MAP3K, the MAP2Ks MKK4 and MKK5, and the MPKs MPK3 and MPK6 (22, 32, 83, 190) . HAE and HSL2 are the receptors for IDA, which depend on SERKs as co-receptors (23, 140). IDA rapidly triggers the interaction and transphosphorylation between HAE and SERKs (140). NEVERSHED (NEV), an ADP-ribosylation factor GTPase-activating protein, was identified in a screen for mutants defective in floral shedding. NEV is localized to the trans-Golgi network and endosomes and likely regulates vesicle trafficking (119) . A forward genetic screen for nev suppressors identified negative regulators of floral organ abscission SOBIR1/EVR and the RLCK-VII member CAST AWAY (CST) (20, 63, 108) . Importantly, CST interacts with both HAE and SOBIR1/EVR, suggesting that CST links the RKs to downstream signaling (20).
RECEPTOR-LIKE CYTOPLASMIC KINASES IN ABIOTIC STRESSES
Adaptation to abiotic stresses including heat, low temperature, drought, and salinity is crucial for the survival of plants in adverse environments (253) (135, 159) . Cell surface-localized receptors are unlikely to directly sense temperature, drought, or ion homeostasis, and instead RLKs likely perceive secondary signals generated during abiotic stresses or participate in the regulation of adaptive responses that reshape stomatal morphology or vascular structure. For example, the Arabidopsis LRR-RLK RECEPTOR-LIKE KINASE1 (RPK1) is required for full sensitivity to the hormone abscisic acid (ABA) and is required for ABA-induced senescence (104, 157, 158) , while the LRR-RLK GUARD CELL HYDROGEN PEROXIDE-RESISTANT1 (GHR1) is required for ABA-and H 2 O 2 -induced stomatal closure (79). In addition, several cysteine-rich RLKs (CRKs) have been implicated in the generation and/or perception of ROS signals and shown to be required for plant responses to abiotic stresses (15, 19).
Multiple lines of evidence indicate that RLCKs play an important role in plants' adaptation to abiotic stresses. Among the 376 rice RLCKs, 86 are differentially expressed under cold, salt, and dehydration conditions (209) . Similarly, the Arabidopsis RLCK CALMODULIN-BINDING RECEPTOR-LIKE CYTOPLASMIC KINASE1 is induced at the transcriptional level under multiple stress conditions including cold, salt, H 2 O 2 , and ABA (235) . Esi47, a homolog of Arabidopsis PCRK1 in wheatgrass Lophopyrum elongatum, is highly induced by salt stress and ABA (181) . In rice, RLCK253 was identified as an interacting protein of STRESS-ASSOCIATED PROTEIN 1 (SAP1), an A20/AN1 zinc-finger domain-containing protein conferring abiotic stress tolerance in plants. OsRLCK253 interacts with SAP1 and its homolog SAP11 at the plasma membrane, nuclear membrane, and nuclei. Overexpression of OsRLCK253 in Arabidopsis increases tolerance to salt and drought stresses through an unknown mechanism (60). The rice RLCK GROWTH UNDER DROUGHT KINASE (GUDK) is required for grain yield under drought and normal water conditions. The gudk mutant exhibits defects in responses to salt stress, osmotic stress, and ABA. In vitro assays showed that GUDK interacts with and phosphorylates OsAP37, a transcriptional factor involved in drought tolerance (162, 163). GsRLCK, an RLCK from wild soybean Glycine soja, is highly induced by salt, alkali, drought, and ABA. Overexpression of GsRLCK in Arabidopsis leads to increased tolerance to drought and salt stresses (194) .
A recent report showed that COLD-RESPONSIVE PROTEIN KINASE1 (CRPK1) is associated with the plasma membrane and negatively regulates cold tolerance (129) . Upon cold treatment, CRPK1 phosphorylates 14-3-3 proteins, and the latter translocate into the nucleus to destabilize COLD-RESPONSIVE C-REPEAT-BINDING FACTORs (CBFs), which are key transcription factors promoting cold tolerance (129) . This exciting finding suggests that low temperatures, either directly or indirectly, can be sensed by a cell surface receptor that then regulates downstream signaling through CRPK1.
How the majority of the reported RLCKs regulates abiotic stresses remains unknown, but the Arabidopsis ABA-AND OSMOTIC STRESS-INDUCIBLE RECEPTOR-LIKE CYTOPLASMIC KINASE1 (ARCK1) interacts with CRK36 to regulate responses to osmotic and ABA stresses. Both the arck1 mutant and CRK36 RNAi transgenic lines showed reduced tolerance to osmotic and ABA stresses. Further study revealed that CRK36 phosphorylates ARCK1 and regulates downstream stress-responsive genes (200) . Whether other stress-regulated RLCKs are similarly linked to RLKs in abiotic stress adaptation remains to be shown.
REGULATORY MECHANISMS UNDERLYING SIGNALING MEDIATED BY RECEPTOR-LIKE CYTOPLASMIC KINASES
Recent advances in the analysis of RLCKs, particularly those associated with immune RKs, are shedding light on the mechanisms by which this important class of signaling proteins regulates
EXTRA-LARGE GTP-BINDING PROTEINs (XLGs):
noncanonical Gα subunits of heterotrimeric G proteins, which contain an extension in the N terminus PLANT U-BOX25 (PUB25) and PUB26: a pair of closely related E3 ligases in plants that catalyze protein ubiquitination transmembrane signaling. It is now apparent that RLCKs are recruited to the kinase domain of receptors or co-receptors to regulate downstream components through phosphorylation. Emerging evidence suggests that RLCKs regulate common signaling nodes such as ROS production and MAPK cascades and are subject to complex regulation at the level of kinase activity and stability (38, 116, 132, 146, 215, 229, 232, 247) . The identification and characterization of RLCK substrates are uncovering a biochemical basis of transmembrane signaling in plants.
Regulation of Receptor-Like Cytoplasmic Kinases in the Receptor Complex
Existing evidence indicates that the majority of plant RLCKs studied to date interact with RKs in the resting state. Following receptor activation by the ligand, RLCKs become phosphorylated and dissociate from the RKs. This is true for both BRI1-BSK/CDG1 and FLS2-BIK1/PBL interactions (95, 202, 247) . One exception to this is the interaction between RIPK and FER, which is instead induced by RALF1 (45) and enables cross-phosphorylation between FER and RIPK, suggesting a role of RIPK in the activation of the FER receptor complex. The association of BIK1/PBLs with FLS2 may also contribute to the phosphorylation and activation of the FLS2-BAK1 receptor complex, as it has been shown that BIK1 and BAK1 can transphosphorylate each other in vitro (132).
The phosphorylation by RKs or co-receptors is essential for RLCK-mediated signaling. For instance, BAK1 phosphorylates BIK1 at Tyr243 and Tyr250, and these phosphosites are required for immune function of BIK1 (120) . Likewise, BRI1 phosphorylates BSK1 at Ser230 and CDG1 at Ser44, Ser47, and Ser234 (95, 96, 202) . At least the phosphosites in CDG1 contribute to BR signaling. These results suggest a phosphorylation relay from the receptor complex to RLCKs as a primary mechanism in plant transmembrane signaling, in contrast to the allosteric activation of c-Src kinases upon their recruitment to phosphorylated RTKs in animals (107, 237) .
Recent studies suggest that BIK1/PBLs are rate-limiting components in pattern-triggered immune signaling and are dynamically regulated in both activity and stability before and after activation (Figure 2) (39) . A yeast two-hybrid screen for EFR-interacting proteins identified Arabidopsis PP2C38 as a negative regulator of pattern-triggered immunity (38) . Further analysis showed that PP2C38 also interacts with FLS2 and BIK1, and in the resting state, PP2C38 dephosphorylates BIK1 to maintain BIK1 in a nonactivated state. Upon flg22 or elf18 treatment, PP2C38 is phosphorylated at Ser77 and dissociates from BIK1 to enable BIK1 activation by the FLS2 and EFR receptor complexes (38) . BIK1 is additionally regulated by the ubiquitin-proteasome pathway. A genetic screen for suppressors of the bak1-5 mutant (an allele of the BAK1 co-receptor that is severely compromised in immune signaling) identified CALCIUM-DEPENDENT PROTEIN KINASE28 (CPK28) as a negative regulator of immunity that promotes proteasome-dependent degradation of BIK1 in the resting state, probably by phosphorylating BIK1 at unknown site(s) (146). The cpk28 mutant overaccumulates BIK1 and displays hyperactive immune responses upon flg22 or elf18 treatment. Several studies showed that Arabidopsis heterotrimeric G protein components-including two noncanonical Gα proteins, EXTRA-LARGE GTP-BINDING PROTEIN2 (XLG2) and XLG3; one Gβ protein, AGB1; and two Gγ proteins, AGG1 and AGG2-act as positive regulators in immune responses activated by flg22 and chitin (125, 137, 206) . More recent molecular analysis showed that these G proteins interact with the FLS2-BIK1 complex to positively promote BIK1 protein accumulation in the resting state, likely by dampening proteasome-dependent degradation (116) .
A recent study uncovered detailed mechanisms for the control of BIK1 homeostasis. BIK1 is a substrate of a pair of closely related PLANT U-BOX25 (PUB25) and PUB26, which are ubiquitin E3 ligases (215) . PUB25 and PUB26 polyubiquitinate and promote degradation of Multilayered control of BOTRYTIS-INDUCED KINASE1 (BIK1) activity and stability during immune signaling. In the resting state, the BIK1 protein in the FLAGELLIN SENSING2 (FLS2) immune complex is subjected to multiple layers of regulation. In the resting state, BIK1 is polyubiquitinated by a pair of E3 ligases, PLANT U-BOX25 (PUB25) and PUB26, and degraded through the proteasome system. CALCIUM-DEPENDENT PROTEIN KINASE28 (CPK28) can phosphorylate BIK1 and promote BIK1 degradation, although whether this phosphorylation contributes to BIK1 instability remains unknown. The heterotrimeric G proteins composed of EXTRA-LARGE GTP-BINDING PROTEIN2 (XLG2) (Gα), AGB1 (Gβ), and AGG1/2 (Gγ) interact with the FLS2-BIK1 complex in the resting state and directly inhibit the E3 ligase activity of PUB25 and PUB26 to stabilize BIK1. In addition, PP2C38 actively dephosphorylates BIK1 in the resting state to prevent premature activation. Upon flg22 perception, CPK28 is further activated to phosphorylate PUB25 and PUB26, which enhances the E3 ligase activity and accelerates the degradation of BIK1. The activated BIK1, which is phosphorylated in the activation loop, is protected from PUB25-and PUB26-mediated ubiquitination (Ub) and degradation, allowing it to phosphorylate downstream substrates. In addition, PP2C38 is phosphorylated and dissociated from BIK1 to allow rapid phosphorylation and activation of BIK1. The perception of flg22 also enables the activation of the heterotrimeric G proteins and phosphorylation of XLG2, which subsequently dissociates from the FLS2-BIK1 receptor complex. Thick arrows indicate greater activities than thin arrows. Circled P represents phosphorylation of proteins. Other abbreviations: BAK1, BRI1-ASSOCIATED KINASE1; BIR2, BAK1-INTERACTING RECEPTOR-LIKE KINASE2; SERKs, SOMATIC EMBRYOGENESIS RECEPTOR KINASEs. nonactivated BIK1, but not activated BIK1, which is phosphorylated in the activation loop. Importantly, CPK28, the aforementioned G proteins, PUB25, and PUB26 form a regulatory module to control BIK1 homeostasis (215) . In the resting state, the G proteins directly inhibit the E3 ligase activity of PUB25 and PUB26, likely by steric hindrance, to stabilize BIK1. Following flg22 perception, CPK28 is further activated through an unknown mechanism and phosphorylates PUB25 at Thr94 and PUB26 at Thr95, which enhances the E3 ligase activity of PUB25 and PUB26 and accelerates the degradation of nonactivated BIK1. This depletes BIK1 from the FLS2-BAK1 complex and prevents overaccumulation of activated BIK1 and hyperactive immune responses. The activated BIK1, however, is protected from PUB25-and PUB26-mediated ubiquitination and degradation, allowing it to phosphorylate downstream targets. Taken together, these studies highlight a multilayered regulatory mechanism centered on BIK1 for tight and dynamic control of immune signal output. 113) showed that the bik1 mutant is severely reduced in flg22-triggered calcium burst and impaired in flg22-induced CPK5 phosphorylation. An independent forward genetic screen identified multiple pbl1 mutant alleles that are greatly compromised in calcium burst triggered by immunogenic patterns including flg22, elf18, and Pep1, but not chitin (164) . The bik1 pbl1 double mutant is further reduced in the pattern-triggered calcium burst, indicating that BIK1 and PBL1 play a key role in the regulation of calcium channel(s) downstream of FLS2, EFR, PEPR1, and PEPR2. It is tempting to speculate that BIK1 and PBL1 directly or indirectly regulate the yet-to-be-identified calcium channel(s) to orchestrate immune signaling. The normal calcium current in bik1 pbl1 seedlings in response to chitin raises a possibility that other RLCKs may be specifically required for the activation of calcium channel(s) downstream of CERK1.
Reactive Oxygen Species
ROS are another class of important signaling molecules that are produced in response to diverse environmental factors as well as during normal development (142, 210). In higher plants, a family of RESPIRATORY BURST HOMOLOGs (RBOHs), which are homologous to animal NADPH oxidases, play a crucial role in the generation of ROS in the apoplast (86). Among these, RBOHD is the main isoform responsible for the production of apoplastic H 2 O 2 upon pattern recognition (40, 161, 205, 248) . RBOHD-mediated ROS production plays a crucial role in stomatal defense, actin bundling, and callose deposition at the cell wall (161). RBOH-dependent ROS also act as major signaling molecules in the regulation of plant growth and development (27, 53, 196) . Multiple RBOHs act downstream of FER, ANX1, and ANX2 during the regulation of primary root growth, root hair growth, and pollen tube integrity (12, 30, 46) . These findings suggest RBOH-dependent ROS as a common node in RK/RLK-mediated signaling in diverse biological processes.
Earlier studies established that localized production of ROS in the emerging root hair cell through RBOHC is essential for root hair development (53) . Similarly, RBOHH and ROBHJ are required for ROS production in the pollen tube tip and for prevention of premature pollen rupture (12). FER is now known to regulate RBOH-dependent ROS in roots through RhoGTPases to control root hair development (47) , whereas ANX1 and ANX2 control pollen rupture by acting upstream of RBOHH and ROBHJ (12). This may be reminiscent of the allosteric activation of NADPH oxidase by the small GTPase Rac downstream of RTKs in animals (7, 107, 160) . A recent report indicates that the ANX1-and ANX2-mediated regulation of ROS signaling involves the RLCK MRI. The constitutively active variant MRI R240C rescues the pollen bursting phenotype not only in anx1 anx2 but also in rbohH rbohJ (11), suggesting that MRI acts downstream of RBOH-dependent ROS to regulate pollen rupture. Consistent with this hypothesis, MRI interacts with OXIDATIVE SIGNAL INDUCIBLE1 (OXI1), a protein kinase that mediates ROS signaling (11, 117) . It remains to be tested, however, whether the loss-of-function mri mutant and MRI R240C -expressing plants display altered ROS production in roots or pollen tubes. In root hair development, the generation of cytosolic free calcium is essential for root hair elongation (53, 225) , and RBOHC-mediated ROS production is required for the distribution of cytoplasmic calcium in the root hair tip, suggesting that ROS act upstream of calcium signaling in root hair development. Whether MRI is necessary for the generation of cytosolic calcium current in root hair remains unknown.
The regulation of RBOH-dependent ROS is better studied in PRR-mediated immune signaling. Using protein pull-down coupled with mass spectrometry analysis, researchers identified RBOHD as a protein interacting with BIK1, FLS2 and EFR (87, 113). Further biochemical analyses demonstrated that BIK1 directly phosphorylates specific sites in RBOHD independent of an increase of cytoplasmic calcium and CPK5 and that this phosphorylation is required for ROS production downstream of FLS2 and EFR and stomatal immunity against P. syringae. Importantly, the BIK1-dependent phosphosites are required but not sufficient for RBOHD activation, as the N terminus of RBOHD is subject to regulation by additional factors such as calcium binding, phosphatidic acid binding, and CPK5-mediated phosphorylation, which are required for RBOHD activation (48, 86, 87, 113, 249) . Thus, the BIK1-mediated phosphorylation of RBOHD is proposed to prime RBOHD, which is further regulated by other signaling inputs for full activation (86).
In addition to BIK1 and PBL1, additional RLCKs, including PCRK1, PCRK2, and BSK1, positively or negatively regulate flg22-triggered ROS production (99, 183, 187) . BSK1 in particular does not appear to possess kinase activity (9, 95, 188), raising a question as to how it regulates RBOHD activity. OsRLCK57, OsRLCK107, OsRLCK118, and OsRLCK176 in rice interact with OsCREK1 to regulate chitin-and peptidoglycan-induced ROS production (115). OsBSR1, also named OsRLCK278, is required for chitin-induced ROS production and defense gene expression (90). A recent report showed that a tomato RLCK-VIII member, PTO-INTERACTIN 1 (PTI1), is required for flg22-induced ROS production and resistance to P. syringae (175) . These results indicate that the RLCK-mediated regulation of RBOHs is likely a conserved mechanism in both monocots and dicots. Interestingly, the Arabidopsis PBL13 negatively regulates flg22-induced ROS burst by directly interacting with RBOHD (123) . Whether PBL13 phosphorylates RBOHD at different sites, interferes with the BIK1-mediated phosphorylation, or modulates RBOHD activity through other mechanisms remains to be elucidated.
A recent study showed that the Gα protein XLG2 can directly interact with RBOHD (116). Upon flg22 perception, BIK1 phosphorylates XLG2 at its N terminus, and this phosphorylation is required for optimum ROS production independent of BIK1 stability, suggesting that the phosphorylated XLG2 positively regulates RBOHD (116) . The rice RhoGTPase RAC1 also promotes RBOH-mediated ROS downstream of CERK1 (224) . The regulation of RBOHs by XLG2 in Arabidopsis and by RAC1 in rice is thus similar to the ROP-mediated regulation of RBOH in root hair development.
Mitogen-Activated Protein Kinase Cascades
MAPK cascades represent another signaling module key to transmembrane signaling in both animals and plants (Figure 3) . In animals, the phosphorylated RTKs indirectly recruit a class of guanine nucleotide exchange factors called SOS to activate RAS-GTPases, and the latter recruit the MAP3K Raf to the plasma membrane, which is sufficient for the activation of Raf and the MAPK cascade (107) . Immune activation of TLRs in animals also activates MAPK cascades. The activation of TLR5 recruits IRAKs (see section titled Receptor-Like Cytoplasmic Kinases in Receptor Kinase-Regulated Biological Processes) through the adaptor protein MyD88 (91). FLS2/EFR BAK1/ SERKs PBLs P P P P P P P P P P P P P P P P P P P P a b IRAKs further recruit the E3 ligase TRAF6, which catalyzes Lys63-linked polyubiquitination on its targets including TAB2 and TAB3. TAB2 and TAB3 further regulate the MAP3K protein TAK1 and activate JNK and p38 MAPK cascades to control transcriptional reprogramming (91). The activation of MAPK cascades by plant RKs, however, appears to be more direct. Emerging evidence suggests that plant RLCKs directly activate MAP3Ks downstream of RKs. The RLCK SSP is required for the activation of the MAPK cascade by acting upstream of YDA (9, 37). A recent study showed that SSP directly interacts with YDA (243), raising a possibility that SSP activates YDA and the MAPK cascade through a phosphorylation relay (Figure 3) . Although the receptor for ESF remains unknown, a recent study showed that the LRR-RLK ZYGOTIC ARREST1 directly interacts with SSP in vitro (241) . This finding suggests that SSP links the receptor complex, which presumably contains both an unknown receptor and ZYGOTIC ARREST1, to the MAPK cascade.
Perception of diverse immunogenic patterns activates two conserved MAPK cascades. One cascade consists of the MAP3K MEKK1, the MAP2Ks MKK1 and MKK2, and the MAPK MPK4. The other cascade consists of an unknown MAP3K, the MAP2Ks MKK4 and MKK5, and the MAPKs MPK3 and MPK6 (139). The identity of the MAP3K for the second cascade has remained controversial. RLCK-VII members appear to be required for pattern-triggered MAPK activation (Figure 3) . Flg22-induced MPK activation is slightly reduced in the pcrk1 pcrk2 double mutant, whereas the bik1 pbl1 double mutant is slightly diminished in Pep2-induced MAPK activation (231) . The weak phenotypes of the pcrk1 pcrk2 and bik1 pbl1 double mutants suggest functional redundancy of RLCK-VII members in the regulation of MAPK cascades. Consistent with this possibility, overexpression of AvrAC in Arabidopsis, which is capable of inhibiting multiple RLCK-VII members, significantly impairs flg22-induced activation of MPK3, MPK4, and MPK6 (52) .
OsRLCK185 and OsRLCK176 in rice mediate chitin-and peptidoglycan-induced MAPK activation by interacting with OsCERK1 (6, 232) . PBL27, the Arabidopsis ortholog of OsRLCK185, positively regulates chitin-triggered MAPK activation (184) . A recent study suggested that the MAP3K MAPKKK5 is specifically required for chitin-induced MPK3 and MPK6 activation (229) . It was reported that CERK1 phosphorylates PBL27, which then phosphorylates MAPKKK5 in the C-terminal regulatory tail in vitro. The phosphosites in the MAPKKK5 C-terminal tail were necessary for chitin-induced MPK3 and MPK6 activation, although whether this phosphorylation occurs in plants upon chitin perception remains unclear. While this study provides evidence that an RLCK directly links a PRR to a MAPK cascade, whether the reported mechanism is an isolated case or has broad implications in plant response to diverse patterns remains to be shown. Paradoxically, both PBL27 and MAPKKK5 play a negative role in flg22-triggered MAPK activation (229) . More recently, BSK1 was reported to interact with and phosphorylate MAPKKK5 at Ser289 to regulate immunity (238) . Whether and how this phosphorylation activates the MAPK cascade remain unknown.
The Specificity of Receptor-Like Cytoplasmic Kinase-Mediated Signaling
A key question in transmembrane signaling is how the perception of different extracellular ligands leads to distinct cytoplasmic signal output. The specificity of signal output is determined by the kinase domain of the RK (17, 74). In the majority of reported cases, different RKs and RLKs largely employ distinct sets of RLCKs (Figure 1) , suggesting that different RLCKs regulate different downstream targets.
In several cases, an RLCK can associate with different RKs to regulate distinct cellular processes (Figure 4 ). BIK1 interacts with both FLS2 and BRI1 (122, 132, 247) . Whereas the FLS2-BIK1 interaction positively regulates immunity, the BRI1-BIK1 interaction negatively regulates BRmediated growth. Interestingly, BIK1 also negatively regulates root hair growth (208) . This raises a possibility that BIK1 is additionally regulated by RALFs or other signaling molecules. In addition to BIK1, BSK1 also interacts with both BRI1 and FLS2. Whereas the interactions of BRI with BSKs regulate growth, the FLS2-BSK1 interaction positively regulates immune responses (183, 202) . The roles of MRI in ANX1-and ANX2-mediated control of pollen tube integrity and FERmediated regulation of root hair growth represent the third example in which an RLCK regulates distinct biological process by associating with different RLK complexes (11, 117) . Together, these results indicate that the signal output of an RLCK is dictated by the upstream RK complex.
The mechanism by which different RKs determine RLCK signal output remains unknown. BIK1 can be phosphorylated by BRI1 upon BR treatment, in a way similar to its flg22-induced phosphorylation by the FLS2-BAK1 complex (121) . However, the BR-induced phosphorylation of BIK1 does not appear to trigger immune responses, indicating that BIK1 is able to interpret different signal input and gives rise to distinct signal output. It has been shown that the BRinduced phosphorylation of BIK1 is conferred by BRI1 and independent of BAK1 (121), whereas the flg22-induced BIK1 phosphorylation requires BAK1. It is thus possible that the differential phosphorylation patterns in BIK1 contribute to different signal output (Figure 4) . Alternatively, the context of other signaling components in the RK complexes may play a role in determining the specificity of signaling. Indeed, FLS2 and BRI1 are localized in distinct clusters in the plasma membrane (18), suggesting that environments hosting different receptor complexes may contribute to signal specificity. There remain many gaps in our knowledge concerning RLCK-dependent signaling. A major limitation in the analysis of the function of RLCKs is their frequent redundancy, as in the case of BIK1/PBLs in immunity and BSKs in BR signaling. Systematic construction and analysis of higher-order RLCK mutants, gain-of-function mutants, or overexpression studies may be needed to uncover their biological functions. Another challenge is the identification of RLCK substrates, in which the genetic approach has had a limited success. With the advance of protein interactome and phosphoproteomic studies, we should be able to unravel the full spectrum of substrates for these important kinases and better understand transmembrane signaling in plants. 4. An RLCK can function in different biological processes, and the specificity is determined by the RK complexes with which the RLCK is associated.
CONCLUSIONS AND PERSPECTIVES
SUMMARY POINTS
5. Advances in immune RLCK studies may help us understand the mechanisms by which RLCKs regulate plant growth, development, and abiotic stresses.
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